T he transfer of autogenous, vascularized free-tissue is a cornerstone of modern reconstructive surgery, particularly when dealing with extensive oncological ablations and large post-traumatic defects. A half-century after Jacobson and Suarez (1) described the first sutured microvascular anastomosis, the cumulative efforts of surgeons and researchers have refined free tissue transfer (FTT) into a reliable modality that often provides excellent cosmetic and functional results.
T he transfer of autogenous, vascularized free-tissue is a cornerstone of modern reconstructive surgery, particularly when dealing with extensive oncological ablations and large post-traumatic defects. A half-century after Jacobson and Suarez (1) described the first sutured microvascular anastomosis, the cumulative efforts of surgeons and researchers have refined free tissue transfer (FTT) into a reliable modality that often provides excellent cosmetic and functional results.
In addition to adequate presurgical planning and meticulous dissection technique, the microvascular anastomosis is critically important for successful reconstruction. The reported success rate of FTT ranges from 91% to 99%, with the majority of failures being due to technical errors with vessel anastomosis (2) . Indeed, a hand-sewn anastomosis is a technically demanding procedure, particularly when dealing with veins, which prompted investigation into alternative strategies to suture. One example is the microvascular anastomotic coupling device (MACD), an interlocking ring-pin design that is becoming more widely used in FTT. Initial animal studies demonstrated favourable tensile characteristics and healing of coupled vessels (3) , and subsequent case series in head and neck, breast and limb reconstructive surgery have reported favourably on MACD utilization. These case series have been limited by smaller numbers and variability in reconstructive subsites; however, recently, several larger series have been published. We sought to systematically review the literature to examine the utility of MACD use in FTT with regard to success rates and optimal applications of this device.
Methods
A search of PubMed, Ovid MEDLINE, and EMBASE databases (inception to January 2011) was performed using major search terms including "microvascular anastomotic coupler", "anastomotic device", "venous coupler", "Nakayama ring pin" and "free tissue transfer". Two independent reviewers performed the title and abstract review, identifying relevant articles for retrieval. Inclusion criteria were MACD utilization and FTT reconstruction. There was no limitation placed on 
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A data abstraction tool was designed and applied to all eligible studies. Recorded information included the number and age of patients, follow-up, radiation history, number of FTT and failure rates, reconstruction subsites, number of coupled venous and arterial anastomoses, coupling time, conversion to sutured anastomosis, coupler size used and thrombosis rates. Two indepenedent reviewers performed data abstraction on all included studies with consensus resolution of any discrepencies.
results
The initial database search generated 425 results, and subsequent title and abstract screening by two independent reviewers identified 31 studies for full-text review and potential inclusion. Following full-text review and consensus, 25 studies were included for analysis using the data abstraction tool . Reasons for exclusion are listed in Figure 1 (29) (30) (31) (32) (33) (34) . Overall, one included study was prospective (15) and the remaining 24 were retrospective in design.
A total of 3207 patients with a mean age of 49.8 years were enrolled in the included studies, not considering series that presented age ranges only (Table 1) . Mean follow-up data were only provided in nine of 25 studies (14.4 months), although other authors provided a range (data not shown). A total of 3576 FTTs were performed in these patients within the following subsites: 1103 head and neck, 2094 breast, 300 limb or body, and 79 nonspecified (Figure 2 ). The status of preoperative radiotherapy was reported in only six studies, comprising 128 FTTs (data not shown). There were only 26 reported flap failures (0.7%).
Regarding MACD use, a total of 3497 venous and 342 arterial coupled anastomoses were performed in these patients ( Table 1 ). The primary outcome measure was thrombosis rates and, from the pooled data, there were 61 venous (1.7%) and 12 arterial (3.6%) thromboses reported. Time for completion of a coupled anastomosis was recorded in 14 of 25 studies, with a mean of 5.02 min. There were 30 revision anastomoses (0.8%) that were converted intra-or postoperatively to sutured anastomoses (data not shown).
MACD size data were summarized and a comparison was made between the rates of thrombosis and coupler size ( Table 2) . For venous anastomoses, coupler size was reported by authors in 2094 of 3503 cases (59.8%), with the majority of veins coupled using the 3 mm and 2.5 mm ring pins. When stratified according to size, the anastomotic failure rates ranged from 0.3% to 0.8%; however, for the majority of complications the coupler size was not reported.
For arterial anastomosis, the coupler size used was reported in 243 of 340 cases (71.5%). The smallest size used was 1.5 mm, and there were two reported thromboses (8.0%). The thrombosis rates were 6.5% for the 2.0 mm coupler, 4.2% for the 2.5 mm coupler and 1.7% for the 3 mm coupler.
disCussioN
After introduction of the MACD in the 1980s, preliminary histological and animal studies supported its use as an advantageous alternative to hand-sewn microvascular anastomoses (3). In subsequent years, more surgeons have been using the MACD in FTT, and there has been a steady accumulation of case series in the literature that report favourably on its performance. However, patient numbers have generally been low, and a variety of research questions have been targeted: use in veins compared with arteries; in radiated patients; in vessel diameter mismatch; and across different subsites, are some examples. With the recent publication of several large case series, there are finally adequate numbers to allow for a more accurate utility analysis of this elegant technology.
Widely cited advantages of the MACD include intima-to-intima anastomosis and reliable vessel eversion, thereby avoiding a potentially thrombogenic foreign body within the vessel lumen. The anastomotic site is rigidly stented open by the external MACD rings, which protects against vessel collapse or spasm, especially true of venous anastomoses, and the everted vessel edges can be more easily inspected to ensure no misadventure during coupling when compared with sutured anastomosis. Potential challenges with MACD use include possible helical twisting of the vessel during coupling and possible intimal trauma during vessel eversion (26) .
Published flap survival rates in FTT generally range from 91% to 99% (2) . In the present review, there were only 26 reported flap failures for 3576 FTTs performed, equating to a 99.3% success rate. Also notable, there were only 30 reported cases of suture conversion after unsuccessful coupling, implying that the MACD performs successful anastomosis in more than 99% of attempted cases.
The principle outcome measure for evaluating MACD use is thrombosis, a primary cause of FTT failure. In the present pooled analysis of all previously published series on MACD use in FTT, there were only 61 venous thromboses from 3493 coupled anastomoses (1.7%), and 12 arterial thromboses from 337 anastomoses (3.7%). The difference in thrombosis versus flap failure rates is accounted for by the successful salvage of most thrombosed free flaps.
A direct comparison between sutured versus coupled anastomosis is challenging due to considerable variability of results across the literature; however, there are examples of both modalities being used by the same institutions. One example is the University of Pennsylvania (Philadelphia, USA) experience, from which several interesting conclusions can be drawn. Their recently published MACD series reports on 1000 consecutive FTT breast reconstructions with coupled venous anastomosis (16) , in which they observed only six instances of venous thrombosis (0.6%) and zero flap failures. These success rates are outstanding, representing the best results within the present review. Comparatively, this group also published their series on 569 consecutive free transverse rectus abdominis myocutaneous flaps, which were all anastomosed using 9-0 nylon, in which they experienced one total flap loss (0.2%), 16 venous thromboses (2.8%), and 19 arterial thromboses (3.3%) (35) . At publication, this series had represented the highest flap survival and lowest thrombosis rates of a large FTT cohort to date. However, after switching to the MACD, they were able to actually lower their venous thrombosis rates from 2.8% to 0.6%, and achieve 100% flap survival. In addition, it is impressive to consider that the pooled flap survival, venous thrombosis and arterial thrombosis rates in In one case, intraoperative thrombosis was noted due to challenging eversion and an intimal tear, which required conversion to suture and, in another case, there was flap loss due to arterial insufficiency. In 2006, Spector et al (24) reported specifically on the application of the MACD in arterial anastomosis. In 80 consecutive breast flaps, a total of 62 coupled arterial anastomoses were performed. Overall, flap survival was 100%, and in one instance, a revision of the arterial anastomosis was required. Remarkably, the average time to complete the arterial anastomosis was only 5 min. Reasons cited for not using the coupler included significant vessel size mismatch, or nonpliable and thick-walled arteries. The authors comment that becoming proficient with veins is important before attempting arterial coupling. Emphasis is placed on atraumatic vessel handling and minimizing intimal trauma during eversion over the tines of the ring pins. A silicone vessel loop is used to sequentially secure the everted vessel wall down before moving onto the opposing tines to avoid detachment. Criteria to forego the MACD for a sutured arterial anastomosis include greater than 1.5:1 vessel size mismatch, thick walled or nonpliable arteries, or the need for an end-to-side anastomosis.
Chernichenko et al (8) published the largest series of arterial coupling in 124 consecutive head and neck flaps to date. They experienced only four arterial thromboses (3.2%), of which three were salvageable. Overall flap survival was 97.6%. The authors emphasized that dilating arteries to use at least a 2.5 mm coupler is essential for successful anastomosis. Arteries were dilated with the tips of a curved micro-needle holder because the spring-action handle provided greater dilating force than the standard vessel dilator used for veins. Some thickwalled arteries appear to exhibit intimal cracking or tearing after eversion onto the ring pins; however, these vessels generally approximated easily with satisfactory bloodflow and low thrombosis rates. The authors hypothesized that intimal trauma is limited to the areas of vessel eversion that eventually become opposed, with no exposure of thrombogenic subendothelial elements to the circulating blood. The authors believe that the majority of arteries can be coupled and that the MACD is actually preferred over suture for arterial anastomosis at their institution, even in radiated patients. Cited reasons for suturing include extensive atherosclerosis, inability to dilate the arteries to use at least a 2.5 mm coupler or pseudoaneurysm formation.
A universally cited advantage of the MACD is time-savings over a sutured anastomosis. Data regarding the average anastomotic time were available for 14 of 25 included studies, comprising approximately 2800 anastomoses. The pooled average time to completion of the anastomosis was an impressive 5.02 min. In contrast, several studies have documented the time to complete a sutured anastomosis at between 22 min and 25 min, comparable between arteries and veins (21, 27) . Of course, this four-fold time savings is multiplied when dealing with double-vein flaps or bilateral free-flap reconstructions. Difficult anastomoses in the head and neck can take in excess of 30 min to complete due to confined surgical fields, such as at the angle of the mandible. The compact nature of the MACD can also help dramatically lower anastomosis times by facilitating access to such challenging areas.
An important question is whether a cost-saving exists when weighing the increased financial cost of using this technology versus the operating room time savings. Although some authors espouse that operating room time savings do offset the device cost, to date, a comprehensive cost-benefit analysis has not been performed.
The retrospective publication of case series is vulnerable to selection and observation bias, and 24 of the 25 published series on MACD use were retrospective in nature. However, this bias also threatens comparable published series on hand-sewn anastomoses. The relatively low event rate of thrombosis or flap failure in FTT, irrespective of anastomotic modality, would make a large prospective cohort study unfeasible.
We have performed the most extensive review of the utility of the microvascular anastomotic coupler in free-flap surgery to date. Impressively, flap survival and revision-free application of the MACD occurs in greater than 99% of cases. Venous and arterial thrombosis rates are comparable with the best results achieved via sutured anastomosis and, when used by experienced surgeons, the MACD achieves superior results. Well established for venous anastomosis, there appears to be a role for the coupler in arterial anastomosis as well. A successful arterial coupling requires careful consideration of factors such as adequate luminal diameter and coupler size, minimal vessel size mismatch, ease of vessel wall eversion, presence of atherosclerosis and surgeon experience. Another primary advantage of the MACD over conventional suture anastomosis is substantial operative time savings, although a formal cost-benefit analysis has not yet been performed. As experience pertaining to MACD use in FTT has grown, sufficient evidence exists to allow accurate evaluation of its performance. The results are very encouraging.
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